In this paper we experimentally study the effect of collision properties of different particle systems on the bed dynamics of a spout fluidized bed. This is done in different flow regimes: the spout-fluidization regime (case A), the jet-in-fluidized-bed regime (case B) and the spouting-with-aeration regime (case C). The considered particle systems comprise glass beads, γ-alumina oxide and zeolite 4A particles, which are all classified as Geldart D. A non-intrusive measurement technique is used, viz. particle image velocimetry (PIV) to measure the particle flow field in a pseudo two-dimensional (2D) spout fluidized bed. Additionally, digital images are analyzed using a newly developed digital image analysis (DIA) algorithm to evaluate the particle volume fraction. It is demonstrated that the new proposed DIA algorithm provides reliable information on the particle volume fraction, showing that it is a powerful tool when combined with PIV. The added value of DIA is confirmed by comparing the particle velocity fields and volumetric particle fluxes. The particle fluxes display only small differences between the particle systems for each of the examined flow regimes, with the largest difference in the jet-in-fluidized bed regime. In this regime, the flow behaviour of the zeolite 4A particles does not show any features of the spout fluidized bed anymore, but behaviour of an ordinary fluidized bed. This is due to the direct bubble formation above the bottom plate, which results in a large disturbance near the spout entrance. It seems that zeolite 4A particles -because of their small restitution coefficient-tend to cluster in a more pronounced way, producing more bubbles compared to glass beads and γ-alumina oxide particles.
Introduction
In spout fluidized beds the favourable properties of both spouted and fluidized beds are combined. Spout fluidized beds are frequently used for the preparation of granules or particles through granulation, which are widely applied for example in the production of detergents, pharmaceuticals, food and fertilizers. Due to the high mobility of the particles, undesired agglomeration is prevented and excellent heat transfer control is enabled. During the granulation process, the particles contain different loadings of moisture which results in varying collision properties in time and location across the bed. However, little is known about the effect of the temporal and spatial variation of collision properties on the bed dynamics, and thus on the granulation process. This is mainly due to the fact that spout fluidized beds are not visually accessible. In previous numerical studies ( Van Buijtenen et al. 2009 [1] ) the effect of the collision properties, i.e. the restitution coefficient, on the bed dynamics was investigated. It was found that the influence of the restitution coefficient on the bed dynamics is of paramount importance. To validate these numerical studies, an experimental study is conducted to examine different particle systems with different collision properties in a spout fluidized bed. In this work a non-intrusive measurement technique is used, viz. particle image velocimetry (PIV) to measure the particle flow field in a pseudo two-dimensional (2D) spout fluidized bed. Additionally, digital images are analyzed using a newly developed digital image analysis algorithm (DIA) to determine the local particle volume fraction. Several workers applied PIV to study 2D granular flows, such as gas-fluidized beds (Bokkers et al. [2] , Laverman et al. [3] and Dijkhuizen et al. [4] ), spout fluidized beds (Link et al. [5] ), spouted beds (Liu et al. [6] ), but also vibrated granular beds (Zeilstra et al. [7] and Deng et al. [8] ), rotating drums (Jain et al. [9] ) and silos or hoppers (Medina et al. [10] and Steingart et al. [11] ). Through these applications, PIV has proven to be a powerful tool for 2D granular flow field measurement. However, PIV is generally used to determine velocity profiles of the solids phase rather than individual particle velocities. This means that information about the distribution of the particles inside the bed is lacking. Consequently, Laverman et al. [3] and Link et al. [5] were the first to combine digital image analysis (DIA) with PIV. Laverman et al. [3] used PIV/DIA to correct for the large velocities associated with particle raining through the roofs of the larger bubbles in bubbling fluidized beds. Link et al. [5] used PIV/DIA to determine the particle flux by combining the particle velocity data obtained from PIV with the particle volume fraction gained from DIA, in spout fluidized beds. Hence, these workers show that the combination of DIA with PIV provides much more detailed information about the dynamics of granular systems.
The objective of this work is to study the effect of the collision properties of various particle systems on the bed dynamics in different flow regimes, by employing PIV/DIA to a pseudo-2D spout fluidized bed. The organization of this paper is as follows: first the experimental set-up is briefly discussed. Then, the experimental techniques are described including the newly proposed DIA algorithm, followed by the derivation of the particle volume fraction obtained from DIA. Finally, the particle velocity gained from PIV and the particle flux obtained from PIV/DIA are mutually compared.
Experimental set-up
The pseudo-2D spout fluidized bed used in this work is schematically presented in Figure 1 . The depth of the bed is assumed to be sufficiently small to display pseudo-2D behaviour and is large enough to avoid extreme particle-wall interaction. The front wall of the bed consists of a glass plate to enable visual detection of the particle motion. The side walls of the bed are made of aluminium strips and the back wall is made of polycarbonate. Pressurized air is fed to the bed through three separate sections. The spout section is located in the middle and is surrounded by two sections that provide the background fluidization air. The spout section is covered with a 0.5 mm gauze and the fluidization section is covered with a 3 mm thick porous plate with an average pore size of 10 microns. The flow rate of the gas in each section is controlled by mass flow controllers and rapidly responding magnetic valves. Digital images are recorded with a 625 Hz high speed camera (LaVision Imager Pro) equipped with a 50 mm lens. The aperture of the camera is set to f6 and the exposure time is fixed at 0.4 ms. The recorded images consist of 312 × 1280 pixels and are stored in the memory of the camera. After all the images for one experiment have been recorded, the 16-bit images are transferred to the hard disk of the PC. As shown in Figure 2 , the pseudo-2D bed is illuminated by two 500W halogen lamps, which are positioned in such a way that the bed is led under a small angle (< 45 o ), preventing undesired reflections. The back wall is covered with a black cloth to provide contrast between particles and gas. The lamps are fed by a direct current supply to minimize temporal variation in the illumination. 
Experimental techniques

Particle Image Velocimetry
Particle image velocimetry (PIV) is an optical, non-intrusive measurement technique that produces instantaneous 2D velocity data for a whole plane in a 3D flow field. It was originally developed in the field of experimental fluid dynamics to study the flow of continuous fluids (Westerweel et al. [12] ). In this work, PIV has been applied to study the particle flow in a pseudo-2D spout fluidized bed. The front view of the bed is recorded using the equipment shown in Figure 2 . Two subsequent images of the flow, separated by a short time delay, Δt, are divided into small interrogation areas. Crosscorrelation analysis is used to determine the volume-averaged displacement, s p (x, t), of the particle images between the interrogation areas in the first and second image. The velocity within the interrogation area is then easily determined by dividing the measured displacement by image magnification, M, and the time delay:
provided that Δt is sufficiently small. For further details of this technique, the interested reader is referred to the work of Westerweel at al. [12] . A multi-pass correlation algorithm with a final interrogation size of 32 px was used to obtain the final velocity field. Outliers were removed with a standard median filter.
Digital Image Analysis
Digital image analysis (DIA) finds its origin in the work of Agarwal et al. [13] , where bubbles were detected. Goldschmidt et al. [14] used this technique to detect particles and Link et al. [5] successfully applied DIA to study spout-fluidized beds. In this work, the particles are detected with the use of DIA, and additionally, a new algorithm is proposed to determine the volume fraction of particles in each interrogation area. The digital image consists of pixels with different intensities, distinguishing the particles from the gas phase. Particles at the first row (in front of the bed) experience the highest intensity and the particles at the back (near by the back wall) have a lower intensity. The lowest intensity is assigned to the gas phase. Due to the fact that homogeneous illumination is difficult to accomplish in practice, the digital image is corrected for inhomogeneities and subsequently the intensities are normalized giving a range between 0 and 1. The value of 1 represents the brightest particle and 0 the gas phase. Furthermore, the intensities are averaged over interrogation areas with the same size as used for PIV. The averaged intensity represents the apparent 2D volume fraction of the particles. In Figure 3 , the original intensity, corrected and normalized intensity and the resulting 2D particle volume fraction are shown. In order to translate the apparent 2D particle volume fraction to the true 3D particle volume fraction, a relationship between these two parameters is required. To this end, spout fluidized bed simulation data of a discrete element model (DEM) is used, in which both parameters can be obtained. The 3D particle volume fraction was obtained by applying a porous cube description (see Link et al. [15] ). The apparent 2D particle volume fraction was determined from synthetic particle images generated from the particle position data in the DEM simulations. The intensity distribution over a single particle is a Gaussian function and the intensity across the depth of the bed decreases linearly. As a result, each particle obtains the highest intensity in the centre of the particle, and particles in the front of the bed obtain a higher intensity than the particles in the back of the bed.
Since both the 2D and 3D particle volume fraction are known in the simulation, a relationship is found (by minimizing the summed square of residuals): In Figure 4 the simulation data of 2D and 3D particle volume fraction are plotted, including the resulting fit. In Figure 5 , synthetic particle images, 2D and 3D particle volume fraction and the calculated 3D particle volume fraction of the simulations are displayed. The value of the 2D particle volume fraction in the dense regions is difficult to relate to the 3D particle volume fraction. This is because loosely packed bed regions and densely packed bed regions are difficult to distinguish from each other.
Figure 4
Simulation data of 3D and 2D particle volume fraction including the proposed fit.
Figure 5
Synthetic generated particle image, 2D particle volume fraction, 3D particle volume fraction and calculated 3D particle volume fraction obtained from digital image analysis on simulated image.
Test Cases
The objective of this work is to study the effect of collision properties of Geldart D particles on the bed dynamics. Therefore, three different particle systems, i.e. glass beads, γ-alumina oxide and zeolite 4A particles are considered. The diameter of the particle systems is chosen such that the particle to bed depth ratio is at least six, to prevent the formation of stable particle structures extending from wall to wall. Each particle system is studied in three different flow regimes: the spout-fluidization regime (case A), the jet-in-fluidized-bed regime (case B) and the spouting-with-aeration regime (case C). The flow regimes are scaled by the minimum fluidization velocity, to exclude the effect of the particle diameter and density on the bed dynamics. In this way, the collision properties are the only influencing parameters. Tables 1 and 2 respectively summarize the properties of the particle systems and the flow regimes. 
Results and Discussion
Firstly, the results of the proposed DIA algorithm will be shown, by presenting the time-averaged 3D particle volume fractions. Subsequently, the velocity fields are displayed and compared to the resulting volumetric particle fluxes.
Time-averaged 3D particle volume fraction
The 3D particle volume fraction in the dense packed regions (see Figure 6a ) shows some irregularities, especially for cases A and C. In these regimes, the annulus region is densely packed, since the background velocity is close to the minimum fluidization velocity. Most of the irregularities are caused by the uncertainty in the calibration curve for the dense regions. However, the spots with <ε p,3D > ≈ 0.6 can be attributed to inhomogeneous illumination that is not fully corrected for. Nevertheless, the timeaveraged 3D particle volume fractions give rather precise information about the distribution of the particles. For case A (spout fluidization regime) the background velocity is around the minimum fluidization velocity and the spout velocity is high enough to enable the spout channel to form, but not to break through continuously. As a result, the spout channel is periodically blocked causing pressure build up.
When the pressure is sufficiently high, the spout gas breaks through and launches a cluster of particles higher up in the bed. In Figure 6b it is shown that for γ-alumina and zeolite 4A particles, bubble formation in the fountain is more pronounced causing lateral disturbance of the spout channel for zeolite 4A particles. As a result, the periodic ejection of particles is disrupted, which explains the deviation of the time-averaged particle volume fraction for zeolite 4A. For the glass beads and γ-alumina particles the spout channel behaves regularly, by which the particle cluster at the top of the fountain is more clearly seen.
For case B (jet-in-fluidized-bed regime), the background velocity is rather high and the spout velocity is moderate. Due to bubble formation in the annulus region, the stability of the spout channel is fully disrupted. Consequently, the typical shape/configuration of a denser packed annulus with a dilute packed spout channel breaks down, as shown in Figure 6b . In contrast to the other particle systems, for zeolite 4A large bubbles are directly formed above the bottom of the bed, causing the smallest dense packed region in the annulus.
For case C (spouting-with-aeration regime), the spout velocity is very high causing a permanent break through of the spout gas. The spout channel is continuously open and the particles are dragged up high in the bed and subsequently rain down in the annulus region. As shown in Figure 6b , the spout channel for γ-alumina and zeolite 4A particles still closes in this flow regime. Moreover, for zeolite 4A the closing time of the spout is longer causing laterally disturbance of the spout channel and a higher pressure build up. The zeolite particles are therefore dragged up higher in the bed. Hence, the timeaveraged particle volume fraction displays a lower value in the annulus region compared to the other particle systems, and the spout channel appears to be broader for zeolite 4A. 
Time-averaged particle velocity and volumetric particle flux
In Figure 7 and 8 the vector fields of the time-averaged particle velocity and time-averaged volumetric particle flux are displayed. The vector field of the time-averaged particle velocity shows the measured velocity of the particles. These graphs, however, give no information about the number of particles that possess that velocity. Viz. the velocity in the spout region is very high, which is only the case for very few particles. This can not directly be inferred from Figure 7 . Hence the instantaneous particle velocity is multiplied with the instantaneous particle volume fraction, followed by averaging over time to obtain the time-averaged volumetric particle flux:
In Figure 8 , the time-averaged volumetric particle flux is presented, revealing a clear picture on the motion of the particles. For cases A and C, the motion of the particles in the annulus region follows the expected behaviour. Although their velocity is very low, the particle flux does give information about the dynamics in the annulus region, because of the high particle volume fraction.
For case A, most differences are observed in the fountain region. For glass beads and γ-alumina particles, the bubbles in the fountain do not disrupt the motion of the particles, and the direction of the particles at the top of the fountain is therefore vertical. For zeolite 4A particles, however, the direction of the particles is already horizontal at the top of the fountain. This can be attributed to the disturbance caused by the larger bubbles. It seems that for the γ-alumina particles, the spout gas has more difficulty in breaking through the bed, since its flux is lower compared to the other particles. Consequently, the downward flux in the annulus region is lower as well.
For case B, the flux vector field of zeolite 4A particles displays large resemblance with that of an ordinary fluidized bed, and for glass beads and γ-alumina particles, the spout fluidized bed pattern is still recognizable. This difference is due to the fact that for zeolite 4A particles, large bubbles are directly formed, disrupting the spout channel to such an extent that it looses its influence.
For case C, the patterns depict large similarity for all the particle systems. However, for zeolite 4A more scatter of particles is present at the upper half of the bed. This is due to the laterally disturbance of the spout channel and a higher pressure build up, as mentioned before. Furthermore, the glass beads reach a higher bed height compared to the γ-alumina particles. This may be due to the difficulty of the spout gas to break through the bed with γ-alumina, just as in regime A. 
Conclusions
In this work, the effect of the collision properties of different particle systems on the bed dynamics has been experimentally investigated. Particle Image Velocimetry (PIV) and Digital Image Analysis (DIA) were applied to a pseudo-2D spout fluidized bed, to obtain particle velocity fields and the particle volume fraction, non-intrusively. To this end, a new DIA algorithm has been proposed, which successfully translates the apparent 2D particle volume fraction to the real 3D particle volume fraction. By employing this DIA algorithm, a more complete picture of the complex solids motion in spoutfluidized beds can be obtained.
The effect of the collision properties (i.e. for. glass beads, γ-alumina and zeolite 4A particles have been studied in three flow regimes, i.e. the intermediate/spout-fluidization regime (case A), the jet-influidized-bed regime (case B) and the spouting-with-aeration regime (case C). For each flow regime, the particle volume fraction shows small differences between the different particle systems, with the largest deviation for the zeolite 4A particles. It seems that the zeolite 4A particles tend to cluster in the most pronounced way, due to their smallest restitution coefficient. As a result, more pronounced bubble formation and destabilisation of the spout channel prevails. Additionally, in the spouting-withaeration regime the spout channel closes longer and more frequently. The particles are therefore dragged up higher in the bed leading to a lower particle volume fraction in the annulus region. The particle fluxes display small differences between the particle systems for each flow regime, with the biggest difference for the jet-in-fluidized bed regime. In this regime, the flow behaviour of the zeolite 4A particles does not show any features of the spout fluidized bed anymore, resembling the behaviour of an ordinary fluidized bed. This is due to the direct bubble formation above the bottom plate, which results in a large disturbance near the spout entrance.
Summarizing, since small differences of the flow behaviour are observed between the particles with different collision properties, it can be concluded that the collision properties only have a small influence on the average bed dynamics. This was mainly shown by the zeolite 4A particles, containing the smallest restitution coefficient.
